Introduction
============

The ability of innate immune mechanisms to respond to viral infection plays a major role in the survival of the host. The first step of a viral infection is the fixation of virus to its specific receptor, exposed on target cells. However, many viruses can use, as specific receptors, surface molecules located on macrophages or lymphocytes that are involved in innate defence mechanisms, thus modifying the antiviral functions of these cells.[@b1]--[@b3]

The rapid antiviral immune response may be related to viral interactions with host cells, leading to activation of susceptible cells via pattern recognition receptors (PPRs).[@b4] Although many PPRs have been identified for bacteria, few PPRs are known for viruses on macrophages. Toll-like receptors (TLRs) and the helicases retinoid-inducible gene (RIG), melanoma differentiation-associated gene-5 (MDA5) and RNA-dependent protein kinase (PKR) are known to be engaged following some viral infections and to initiate the production of pro-inflammatory cytokines, chemokines and interferon α/β.[@b5]

The occurrence of a new respiratory disease, the severe acute respiratory syndrome (SARS), in which over-exuberant pulmonary inflammation is induced, has raised the possibility that some viral components may stimulate the production of inflammatory cytokines by macrophages. Wang *et al.* demonstrated that a surface viral protein from the SARS virus directly stimulated the production of tumour necrosis factor (TNF)-α and interleukin (IL)-6.[@b6],[@b7] The induction of macrophage inflammatory cytokines by viral surface proteins has been occasionally observed with other viruses, such as feline infectious peritonitis virus and Epstein--Barr virus.[@b8],[@b9]

The mechanisms triggered by coronaviruses in the induction of the inflammatory response by macrophages are not known. Mouse hepatitis virus type 3 (MHV3), a coronavirus, induces a rapid acute hepatitis characterized by the death of susceptible C57BL/6 mice within 3--5 days post-infection.[@b10]--[@b12] Histopathological studies revealed an extensive necrosis with inflammatory perivascular foci and impairment of immunosuppressive cytokines such as IL-4, IL-10, prostaglandin E~2~ (PGE~2~) and transforming growth factor (TGF)-β.[@b13],[@b14]

Carcinoembryonic antigen cell adhesion molecules 1 (CEACAM1), previously known as biliary glycoproteins, are members of the immunoglobulin superfamily.[@b15] Murine CEACAM1 proteins are mostly present in the liver and intestine and have been reported to act as receptors for different bacterial and viral pathogens, including MHV.[@b16],[@b17] These observations were supported by the fact that C57BL/6 mice knocked out for the *Ceacam1a* gene are completely resistant to MHV-A59 infection.[@b18]

CEACAM1a promotes various functions, such as cellular adhesion, signalling, tumour suppression and angiogenesis.[@b15] Activation of carcinoembryonic antigen (CEA) induces the secretion of IL-1α, IL-6 and TNF-α by Kupffer cells and then promotes the establishment of hepatic metastasis.[@b19] Furthermore, it was demonstrated that production of IL-1α and TNF-α by Kupffer cells, via the activation of CEA, involved tyrosine phosphorylation.[@b20] In addition, the signalling pathway implicated in CEA-activated cells seemed to be different from the pathway involved in lipopolysaccharide (LPS)-activated Kupffer cells.[@b20] It was reported that stimulation of CEACAM1a on PC12 cells by antibodies induced a rapid and transient CEACAM1a tyrosine dephosphorylation, which was involved in the downstream activation of extracellular signal-related kinase (ERK)-1 and ERK-2 but not Jun N-terminal kinase (JNK) or p38 mitogen-activated protein kinase (MAPK).[@b21] In contrast, the replication of MHV3 in peritoneal macrophages involved the activation of the p38 and the ERK-1/2 MAPK in less than 30 min, suggesting that cellular activation was a result of the fixation of the virus to its receptor.[@b22]

However, de Haan *et al.* demonstrated that some murine coronavirus variants generated by *in vitro* cultures expressed an extended host range and also used heparan sulphate binding sites as an entry receptor instead of using the specific CEACAM1a receptor.[@b23] Recently, Watanabe *et al.* have observed that another serotype, the MHV-JHM virus, can interact with heparan sulphate, but this receptor cannot allow the internalization of this virus.[@b24]

It has been demonstrated that a few viral proteins, such as the capsid of the hepatitis B virus (HBV), the core of the hepatitis C virus (HCV), or herpes simplex virus (HSV) glycoproteins, may induce pro-inflammatory cytokines via the activation of TLR2 associated or not with membranes enriched in heparan sulphate.[@b25]--[@b28] The recognition by TLRs of pathogen-associated molecule patterns (PAMPs) triggers the toll/interleukin-1 receptor-like (TIR)-domain-dependent association with adapters (such as myeloid differentiation primary response gene 88 (MyD88) and toll-interleukin-1 receptor domain-containing adapter protein (TIRAP)) that recruit IL-1 receptor-associated kinase (IRAK) and, following their phosphorylation, activates other factors involved in the activation of the transcription factor nuclear factor (NF)-κB, resulting in the expression of inflammatory cytokines such as IL-1β, IL-6 and TNF-α.[@b29] Moreover, during chronic HCV infections, the serum IL-6 levels correlate with the viral load and the length of the infection,[@b30] whereas TNF-α levels increase hepatic cellular apoptosis.[@b31],[@b32] The *in vivo* relevance of this observation may be related to the expression of TLRs in liver injury and the inflammatory state of chronically HCV-infected patients,[@b33] but the mechanisms involved have not yet been elucidated.

The respective roles of CEACAM1a, the coronavirus receptor, TLR2, heparan sulphate binding sites, and other unspecific viral PPRs in the induction of the inflammatory responses seen in human or murine acute coronavirus infection have not been yet determined.

In this study, we demonstrate that the pro-inflammatory cytokines IL-6 and TNF-α, produced by MHV3-infected peritoneal macrophages, were induced by the fixation of protein S of MHV3 on TLR2 associated with regions enriched in heparan sulphate instead of CEACAM1a. Furthermore, the release of IL-6 and TNF-α was mostly dependent on the activation of the ERK-1/2 MAPK and JNK pathways and, to a lesser extent, the p38 MAPK and NF-κB pathways. The pathology induced by L2-MHV3 is related to the release of intrahepatic IL-6 and TNF-α via the TLR2 receptor, as demonstrated in *Tlr2*^*−/−*^ mice and by histopathological observations.

Materials and methods
=====================

Mice
----

C57BL/6 (*Ceacam1a*^*+/+*^) and SJL (*Ceacam1b*^*+/+*^) mice were purchased from Charles River Laboratories (St-Constant, QC, Canada), whereas *Tlr2* knock-out mice (B6·129-*Tlr2*^*tm1Kir*^/J) were purchased from Jackson Laboratories (Bar Harbor, MA). C57BL/6 *Ceacam1a* knock-out (*Ceacam1a*^*−/−*^) mice were generated by Dr N. Beauchemin, as previously described.[@b34] The animals, certified as MHV3-free by the manufacturer, were housed in an environment with high efficiency particulate air (HEPA)-filtered air (Forma Scientific, Marietta, OH). Female mice between 8 and 12 weeks of age were used in all experiments. The study was conducted in compliance with the regulations of the Animal Committee of the University of Quebec in Montreal (UQAM).

Viruses
-------

The pathogenic L2-MHV3 is a cloned substrain isolated from the liver of infected DBA2 mice and was produced in L2 cells as previously described.[@b35] The pathogenic properties of L2-MHV3 were assessed regularly.

*In vivo* viral infection
-------------------------

Groups of four C57BL/6 and *Tlr2*^*−/−*^ mice were infected by the intraperitoneal (i.p.) route with 1000 TCID~50~ (tissue culture infective dose 50%) of L2-MHV3. Mock-infected mice received a similar volume of RPMI-1640 (Gibco Laboratories, Grand Island, NY). At 96 hr post-infection (p.i.), the mice were anaesthetized by i.p. injection using ketamine hydrochloride (200 mg/kg) (Vetrepharm Canada Inc., Belleville, ON, Canada) and xylazine (10 mg/kg) (Bayer Inc., Toronto, ON, Canada). Mice were bled by section of the portal vein and aortic artery, as described by Watanabe *et al.*[@b36] The liver was harvested following exsanguination as previously described.[@b37] Briefly, the livers were pressed through a 70-μm cell strainer (Falcon Scientific Co., Montreal, QC, Canada) which was then washed with 10 ml of RPMI-1640 supplemented with L-glutamine (2 m[m]{.smallcaps}), antibiotics (penicillin 100 U/ml and streptomycin 100 mg/ml) (Gibco Laboratories) and 20% fetal calf serum (FCS) (Gemini Bio-Products, Woodland, CA). The liver extracts were then deposited on 7 ml of FCS to allow debris sedimentation. The top layer was centrifuged for 10 min at 1000 ***g*** and the supernatant was collected for virus titration and cytokine quantification by enzyme-linked immunosorbent assay (ELISA) after being passed through a 0·45-μm filter (Sarstedt Inc., Montreal, QC, Canada).

Histopathological analysis
--------------------------

Livers obtained from mock-infected and L2-MHV3-infected C57BL/6 and *Tlr2*^*−/−*^ mice were prepared for histopathology and stained with haematoxylin-eosin.

Virus titration
---------------

The supernatants of liver extracts from C57BL/6 and *Tlr2*^*−/−*^ mice were used as the viral suspension. They were serially diluted in 10-fold steps using RPMI-1640 and tested on L2 cells cultured in 96-well plates. Cytopathic effects, characterized by syncytia formation and cell lysis, were recorded at 72 hr p.i. and virus titers are expressed as log~10~ TCID~50~.

Cells
-----

The continuous mouse fibroblast L2 cell line was grown in RPMI-1640 supplemented with 5% FCS. L2 cells were used for viral production.

Resident peritoneal macrophages from C57BL/6, *Ceacam1a*^*−/−*^, SJL, and *Tlr2*^*−/−*^ mice were obtained by peritoneal washings using RPMI-1640 supplemented with 20% FCS and 2-mercaptoethanol (Gibco Laboratories) and enriched by adherence to plastic. Peritoneal exudate cells (10^6^) were allowed to adhere for 2 hr and non-adherent cells were then washed away. Cell viability, ranging from 90 to 100%, was assayed by a trypan blue exclusion test (Sigma-Aldrich, Montreal, QC, Canada).

*In vitro* viral infection
--------------------------

Resident peritoneal macrophages were seeded in 24-well plates at a concentration of 10^6^ cells/ml in RPMI-1640 supplemented with 20% FCS. In some experiments, AgB10 (a monoclonal murine anti-CEACAM1a antibody \[immunoglobulin G (IgG)\] produced in rats and affinity-purified on a HiTrap protein G column, (Pharmacia, Upsala, Sweden) provided by Dr N. Beauchemin) (2 μg/10^6^ cells), functional grade TLR2 monoclonal antibody (mAb) (1 μg/10^6^ cells; which does not inhibit completely monocyte functions) (eBioscience, San Diego, CA) and heparin (400 U) (Sigma-Aldrich) were added for 2 hr. In other experiments, inhibitors specific for SH2 domain-containing protein (SHP)-1 \[sodium stibogluconate (SS), 10 μ[m]{.smallcaps}, for 15 min\][@b38] (Sigma-Aldrich), p38 MAPK (SB203580, 10 μg/ml, for 2 hr), ERK-1/2 MAPK (U0126, 10 μg/ml, for 2 hr), NF-κB (SN50, 18 μ[m]{.smallcaps}, for 2 hr) or JNK (SP600125, 25 μ[m]{.smallcaps}, for 2 hr) (Calbiochem, San Diego, CA) were also added prior to infection. Cells were then infected with 0·1--1·0 multiplicity of infection (MOI) of infectious L2-MHV3, L2-MHV3 virus treated for 1 hr in phosphate buffer (Gibco Laboratories) at pH 8·0 and 37°, or L2-MHV3 treated for 1 hr with UV. Cells were then incubated at 37°, under 5% CO~2~, for 24 hr. Supernatants were collected for cytokine quantification by ELISA.

Cytokine determination by ELISA
-------------------------------

Determination of IL-6 and TNF-α levels in liver extracts from mock- or L2-MHV3-infected C57BL/6 and *Tlr2*^*−/−*^ mice, and in supernatants from *in vitro* infections, was performed using either Mouse IL-6 or Mouse TNF-α BD OptEIA ELISA Sets (BD Biosciences, Mississauga, ON, Canada).

Statistical analysis
--------------------

For *in vivo* studies, statistical analyses were performed using an analysis of variance ([anova]{.smallcaps}) test. For *in vitro* studies, statistical analyses were performed using a Student's *t*-test. All statistical analyses were calculated with the [prism]{.smallcaps} 4·03 software (GraphPad Software, La Jolla, CA). Error bars represent standard errors and a value of *P* ≤ 0·05 was considered significant.

Results
=======

Secretion of macrophage IL-6 and TNF-α induced by MHV3 does not depend on activation of CEACAM1a
------------------------------------------------------------------------------------------------

Macrophages can produce pro-inflammatory cytokines such as IL-6 and TNF-α during viral or bacterial infections.[@b19],[@b39],[@b40] In some murine strains, they also express CEACAM1a, rendering them permissive to MHV infection. We postulated that these cells produced inflammatory cytokines when infected by MHV3 through engagement of CEACAM1a, the MHV receptor. To verify this hypothesis, resident peritoneal macrophages were isolated from uninfected C57BL/6 and *Ceacam1a*^*−/−*^ mice and infected *in vitro* with L2-MHV3. IL-6 and TNF-α released in supernatants were then quantified 24 hr p.i. by ELISA. Results showed that infection of C57BL/6 peritoneal macrophages with L2-MHV3 induced the production of pro-inflammatory cytokines IL-6 (*P* \< 0·001) and TNF-α (*P* \< 0·001) ([Fig. 1a,b](#fig01){ref-type="fig"}). Surprisingly, infection of *Ceacam1a*^*−/−*^ peritoneal macrophages also induced the production of IL-6 (*P* \< 0·001) and TNF-α (*P* \< 0·001) ([Fig. 1c,d](#fig01){ref-type="fig"}). Furthermore, SJL peritoneal macrophages, which express CEACAM1b,[@b41] induced lower levels of IL-6 and TNF-α than C57BL/6 mice when infected with L2-MHV3 (data not shown). These observations suggest that CEACAM1a is not triggered by MHV3 fixation to induce secretion of IL-6 and TNF-α by peritoneal macrophages.

![Production of interleukin (IL)-6 (a and c) and tumour necrosis factor (TNF)-α (b and d) by *in vitro* uninfected and L2-mouse hepatitis virus 3 (MHV3)-infected C57BL/6 (a and b) and carcinoembryonic cell adhesion antigen 1a-deficient (*Ceacam1a*^*−/−*^) (c and d) peritoneal macrophages at 24 hr post-infection (p.i.). The cells were infected with 0·1--1·0 multiplicity of infection (MOI) of L2-MHV3, and IL-6 and TNF-α levels were evaluated by enzyme-linked immunosorbent assay (ELISA). Results are representative of three experiments (\*\*\**P* \< 0·001).](imm0128-e181-f1){#fig01}

To confirm that CEACAM1a is not implicated in the production of MHV3-induced IL-6 and TNF-α in peritoneal macrophages, these cells were isolated from C57BL/6 mice and treated or not for 2 hr with a specific anti-CEACAM1a monoclonal antibody (AgB10), which is known to be a potent activator on murine dendritic cells.[@b42] The isolated cells were then *in vitro* infected with L2-MHV3 for 24 hr and released cytokines were quantified. Although an increase of IL-6 and TNF-α was observed in MHV3-infected peritoneal macrophages (*P* \< 0·001 for both cytokines), binding of AgB10 to CEACAM1a did not trigger the secretion of IL-6 and TNF-α nor inhibit the secretion of these cytokines compared with MHV3-infected cells ([Fig. 2a,b](#fig02){ref-type="fig"}). Preliminary results showed no difference in IL-6 and TNF-α levels with 1, 2, 3 or 5 μg of AgB10/10^6^ cells. Moreover, the isotype control mAb did not induce production of IL-6 and TNF-α in resident peritoneal macrophages (data not shown).

![Production of interleukin (IL)-6 (a and c) and tumour necrosis factor (TNF)-α (b and d) by *in vitro* L2-mouse hepatitis virus 3 (MHV3)-infected C57BL/6 peritoneal macrophages in the presence of an anti-carcinoembryonic cell adhesion antigen 1a (CEACAM1a) antibody or a SH2 domain-containing protein (SHP)-1 inhibitor. Cells were treated or not with a monoclonal anti-CEACAM1a monoclonal antibody (mAb) (AgB10 at 2 μg/10^6^ cells) 2 hr before infection (a and b) or with a SHP-1 inhibitor \[sodium stibogluconate (SS) at 10 μ[m]{.smallcaps}\] 15 min before infection (c and d) and infected further with 0·1--1·0 multiplicity of infection (MOI) of L2-MHV3 for 24 hr. The IL-6 and TNF-α levels were evaluated by enzyme-linked immunosorbent assay (ELISA). Results are representative of three experiments (\*\*\**P* \< 0·001).](imm0128-e181-f2){#fig02}

However, CEACAM1a may exhibit a regulatory role in association with immunoreceptor tyrosine-based inhibition motifs (ITIMs) and SHP-1 molecules.[@b43] To verify whether signals are induced by viral fixation to CEACAM1a leading to IL-6 and TNF-α production, resident peritoneal macrophages purified from uninfected C57BL/6 mice were treated for 15 min with a SHP-1 inhibitor (SS), and thereafter infected with L2-MHV3. Although a slight increase of IL-6 and TNF-α was noted in SS-treated macrophages compared with untreated cells (*P* \< 0·001 for both cytokines), addition of the SHP-1 inhibitor did not alter the secretion of IL-6 and TNF-α triggered by MHV3 in macrophages ([Fig. 2c,d](#fig02){ref-type="fig"}). These results suggest that CEACAM1 is not implicated in the production of the pro-inflammatory cytokines by MHV3-infected macrophages.

Membrane regions enriched in heparan sulphate are implicated in the secretion of IL-6 and TNF-α by macrophages in the presence of MHV3
--------------------------------------------------------------------------------------------------------------------------------------

It has been reported that some isolates of coronavirus may use heparan sulphate binding sites instead of CEACAM1a as an entry receptor with the involvement of the S1 and S2 subunits of the spike protein of MHV.[@b23],[@b44] To determine whether that the pro-inflammatory cytokines induced by L2-MHV3 in macrophages depend on viral fixation to regions enriched in heparan sulphate, resident peritoneal macrophages from C57BL/6 and *Ceacam1a*^*−/−*^ mice were treated *in vitro* with heparin and infected further with L2-MHV3. The IL-6 and TNF-α production was then quantified in supernatant at 24 hr p.i. Production of IL-6 by MHV3-infected C57BL/6 ([Fig. 3a](#fig03){ref-type="fig"}) and *Ceacam1a*^*−/−*^ ([Fig. 3c](#fig03){ref-type="fig"}) peritoneal macrophages was impaired when cells from both mouse strains were treated with heparin (*P* \< 0·001 for both mouse strains). The TNF-α levels were slightly reduced in peritoneal macrophages from both mouse strains (*P* \< 0·01 for C57BL/6 mice; *P* \< 0·05 for *Ceacam1a*^*−/−*^ mice) ([Fig. 3b,d](#fig03){ref-type="fig"}).

![Production of interleukin (IL)-6 (a and c) and tumour necrosis factor (TNF)-α (b and d) by *in vitro* L2-mouse hepatitis virus 3 (MHV3)-infected C57BL/6 (a and b) and carcinoembryonic cell adhesion antigen 1a-deficient (*Ceacam1a*^*−/−*^) (c and d) peritoneal macrophages in the presence of heparin. Cells were treated or not with heparin (400 U) 2 hr before infection and infected further with 0·1--1·0 multiplicity of infection (MOI) of L2-MHV3 for 24 hr. The IL-6 and TNF-α levels were evaluated by enzyme-linked immunosorbent assay (ELISA). Results are representative of three experiments (\**P* \< 0·05; \*\**P* \< 0·01; \*\*\**P* \< 0·001).](imm0128-e181-f3){#fig03}

MHV3 uses TLR2 to induce the production of IL-6 and TNF-α
---------------------------------------------------------

Some viruses, such as HBV, HCV and herpesviruses, have been reported to promote production of the pro-inflammatory cytokines IL-6, IL-12 and TNF-α by their fixation to TLR2 in regions enriched in heparan sulphate.[@b25]--[@b27] We investigated whether TLR2 is also implicated in the establishment of an inflammatory state during the MHV infection. Resident peritoneal macrophages were purified from uninfected C57BL/6 and *Tlr2*^*−/−*^ mice and infected further *in vitro* with L2-MHV3 for 24 hr, and pro-inflammatory cytokines were then quantified. Results indicated that the production of IL-6 and TNF-α was not induced in *Tlr2*^*−/−*^ peritoneal macrophages infected with L2-MHV3 compared with C57BL/6 infected cells (*P* \< 0·001 for both cytokines) ([Fig. 4a,b](#fig04){ref-type="fig"}). The addition of a functional grade TLR2 mAb partially impaired IL-6 (*P* \< 0·001) and TNF-α (*P* \< 0·05) production by resident C57BL/6 peritoneal macrophages ([Fig. 4c,d](#fig04){ref-type="fig"}). The partial effect was attributable to the intrinsic properties of the TLR2 mAb, as specified by eBioscience. These results thus confirmed that TLR2 molecules are involved in the induction of a pro-inflammatory response during an MHV3 infection.

![Production of interleukin (IL)-6 (a) and tumour necrosis factor (TNF)-α (b) by *in vitro* uninfected and L2-mouse hepatitis virus 3 (MHV3)-infected C57BL/6 and Toll-like receptor 2-deficient (*Tlr2*^*−/−*^) peritoneal macrophages at 24 hr post-infection (p.i.). Production of IL-6 (c) and TNF-α (d) by *in vitro* L2-MHV3-infected peritoneal macrophages from C57BL/6 mice in the presence of a functional grade TLR2 monoclonal antibody (mAb) at 24 hr p.i. The cells were treated with 1 μg/10^6^ cells of the TLR2 mAb 2 hr before infection. The cells were infected with 0·1--1·0 multiplicity of infection (MOI) of L2-MHV3 and IL-6 and TNF-α levels were evaluated by enzyme-linked immunosorbent assay (ELISA). Results are representative of three experiments (\*\*\**P* \< 0·001).](imm0128-e181-f4){#fig04}

MAPKs are implicated in the TLR2/heparan sulphate region-dependent production of IL-6 and TNF-α induced by MHV3 in macrophages
------------------------------------------------------------------------------------------------------------------------------

To identify the intracellular signalling pathways involved in the TLR2/heparan sulphate region-dependent production of IL-6 and TNF-α, peritoneal macrophages from C57BL/6 and *Ceacam1a*^*−/−*^ mice were treated with p38 (SB203580) and ERK-1/2 (U0126) MAPK inhibitors and infected *in vitro* with L2-MHV3. As shown in [Figures 5a,b](#fig05){ref-type="fig"}, inhibition of both p38 and ERK-1/2 MAPK impaired IL-6 production by MHV3-infected C57BL/6 peritoneal macrophages (*P* \< 0·01 for the p38 inhibitor; *P* \< 0·001 for the ERK-1/2 inhibitor), whereas TNF-α production was partially impaired by the ERK-1/2 inhibitor only (*P* \< 0·001). Addition of either p38 or ERK-1/2 MAPK inhibitors to MHV3-treated *Ceacam1a*^*−/−*^ macrophages also impaired the production of IL-6 (*P* \< 0·001 for both inhibitors) and TNF-α (*P* \< 0·01 for both inhibitors) ([Fig. 5c,d](#fig05){ref-type="fig"}), indicating that CEACAM1 may modulated the TNF-α pathway via the p38 MAPK molecule. Interestingly, the ERK-1/2 MAPK inhibitor induced a greater reduction in IL-6 than the p38 MAPK inhibitor in both C57BL/6 and *Ceacam1a*^*−/−*^ cells.

![Roles of p38 and extracellular signal-related kinase (ERK)-1/2 mitogen-activated protein kinase (MAPK) in the production of interleukin (IL)-6 (a and c) and tumour necrosis factor (TNF)-α (b and d) by *in vitro* L2-mouse hepatitis virus 3 (MHV3)-infected C57BL/6 (a and b) and carcinoembryonic cell adhesion antigen 1a-deficient (*Ceacam1a*^*−/−*^) (c and d) peritoneal macrophages. The cells were treated with p38 MAPK (SB203580 at 10 μg/ml) or ERK-1/2 (U0126 at 10 μg/ml) inhibitors 2 hr before infection and infected further with 0·1--1·0 multiplicity of infection (MOI) of L2-MHV3 for 24 hr. IL-6 and TNF-α levels were evaluated by enzyme-linked immunosorbent assay (ELISA). Results are representative of three experiments (\*\**P* \< 0·01, \*\*\**P* \< 0·001).](imm0128-e181-f5){#fig05}

Pro-inflammatory cytokines such as IL-1, IL-6, IL-12 or TNF-α may also be induced via the activation of NF-κB and JNK/AP-1.[@b45] To verify that JNK and NF-κB are involved in the production of IL-6 and TNF-α from MHV3-infected peritoneal macrophages, these cells were isolated from C57BL/6 and *Ceacam1a*^*−/−*^ mice and treated with NF-κB (SN50) or JNK (SP600125) inhibitors. Afterwards, the cells were infected *in vitro* with L2-MHV3 for 24 hr and IL-6 and TNF-α levels were quantified. Inhibition of NF-κB decreased levels of IL-6 (*P* \< 0·001) but not TNF-α in L2-MHV3-infected C57BL/6 peritoneal macrophages ([Fig. 6a,b](#fig06){ref-type="fig"}). However, addition of NF-κB inhibitor to MHV3-treated *Ceacam1a*^*−/−*^ cells impaired the production of both IL-6 (*P* \< 0·001) and TNF-α (*P* \< 0·01) ([Fig. 6c,d](#fig06){ref-type="fig"}), indicating that CEACAM1a may also modulate TNF-α production via the NF-κB molecule. In addition, inhibition of the JNK pathway greatly impaired the production of both IL-6 and TNF-α by MHV3-infected C57BL/6 and *Ceacam1a*^*−/−*^ peritoneal macrophages (*P* \< 0·001 for IL-6 and TNF-α, in both mouse strains) ([Fig. 6a--d](#fig06){ref-type="fig"}). No cytotoxicity was observed in peritoneal macrophages from either mouse strain when they were treated with all of the above-mentioned inhibitors. Moreover, despite the fact that a slight impairment in TNF-α production was noted with the p38 MAPK and NF-κB inhibitors in C57BL/6 macrophages, the results obtained remained non-significant in several experiences.

![Roles of nuclear factor (NF)-κB and Jun N-terminal kinase (JNK) in the production of interleukin (IL)-6 (a and c) and tumour necrosis factor (TNF)-α (b and d) by *in vitro* L2-mouse hepatitis virus 3 (MHV3)-infected C57BL/6 (a and b) and carcinoembryonic cell adhesion antigen 1a-deficient (*Ceacam1a*^*−/−*^) (c and d) peritoneal macrophages. The cells were treated with NF-κB (SN50 at 18 μ[m]{.smallcaps}) or JNK (SP600125 at 25 μ[m]{.smallcaps}) inhibitors 2 hr before infection and infected further with 0·1--1·0 multiplicity of infection (MOI) of L2-MHV3 for 24 hr. IL-6 and TNF-α levels were evaluated by enzyme-linked immunosorbent assay (ELISA). Results are representative of three experiments (\*\**P* \< 0·01, \*\*\**P* \< 0·001).](imm0128-e181-f6){#fig06}

The MHV3 S protein, but not viral replication, induces the pro-inflammatory cytokines IL-6 and TNF-α
----------------------------------------------------------------------------------------------------

Murine coronavirus spike (S) proteins can bind to CEACAM1a, the specific viral receptor, to infect susceptible cells.[@b16] S1 and S2 subunits may also be involved in heparan sulphate binding sites.[@b44] Cytokine induction may depend on the fixation of viral proteins to the TLR2/heparan sulphate region at the cell surface. To test this hypothesis, peritoneal macrophages were isolated from both C57BL/6 and *Ceacam1a*^*−/−*^ mice and infected *in vitro* with infectious MHV3 or MHV3 treated at pH 8·0 and 37° to denature the S glycoprotein.[@b46] IL-6 and TNF-α levels were then quantified at 24 hr p.i. Production of IL-6 and TNF-α was decreased in both C57BL/6 (*P* \< 0·001 for IL-6; *P* \< 0·01 for TNF-α) and *Ceacam1a*^*−/−*^ (*P* \< 0·001 for IL-6; *P* \< 0·01 for TNF-α) peritoneal macrophages in the presence of pH 8·0/37°-treated MHV3 compared with the levels of cytokines in the presence of infectious MHV3 ([Fig. 7a,b](#fig07){ref-type="fig"}).

![Roles of viral spike (S) protein and viral replication in the production of interleukin (IL)-6 (a and c) and tumour necrosis factor (TNF)-α (b and d) by *in vitro* L2-mouse hepatitis virus 3 (MHV3)-infected C57BL/6 (a and b) and carcinoembryonic cell adhesion antigen 1a-deficient (*Ceacam1a*^*−/−*^) (c and d) peritoneal macrophages. The cells were infected for 24 hr with 0·1--1·0 multiplicity of infection (MOI) of infectious L2-MHV3, L2-MHV3 treated at pH 8·0 and 37° (a and b) or L2-MHV3 inactivated with UV (c and d). IL-6 and TNF-α levels were evaluated by enzyme-linked immunosorbent assay (ELISA). Results are representative of three experiments (\*\*\**P* \< 0·001 compared with control cells; \#\#*P* \< 0·01 and \#\#\#*P* \< 0·001 compared with MHV3-infected cells).](imm0128-e181-f7){#fig07}

To determine whether intracellular viral replication may be also involved in the induction of cytokines, a similar experiment was conducted with UV-inactivated viruses. As shown in [Fig. 7c,d](#fig07){ref-type="fig"}, the inactivation of the virus with UV did not inhibit the production of IL-6 and TNF-α in MHV3-treated C57BL/6 and *Ceacam1a*^*−/−*^ macrophages. No viral replication was observed in the cell cultures, as confirmed by MHV3 immunolabelling.

Production of IL-6 and TNF-α in the liver of MHV3-infected C57BL/6 and *Tlr2*^*−/−*^ mice
-----------------------------------------------------------------------------------------

Human viral hepatitis is strongly associated with a strong inflammatory response in the liver.[@b33] It has also been demonstrated that the pathogenic L2-MHV3 induces an acute hepatitis in susceptible C57BL/6 mice with inflammatory foci in intrahepatic tissues.[@b13] To determine whether IL-6 and TNF-α induced by fixation of S viral protein to TLR2/heparan sulphate receptors are involved in the histopathological disorders, the levels of these cytokines were quantified in total liver extracts from MHV3-infected C57BL/6 and *Tlr2*^*−/−*^ mice at 96 hr p.i. As shown in [Figure 8(a)](#fig08){ref-type="fig"}, intrahepatic IL-6 levels increased in MHV3-infected C57BL/6 mice (*P* \< 0·001) compared with mock-infected mice, but not in MHV3-infected *Tlr2*^*−/−*^ mice (*P* \< 0·001 compared with infected C57BL/6 mice). Despite the fact that intrahepatic TNF-α was induced in MHV3-infected C57BL/6 and *Tlr2*^*−/−*^ mice (*P* \< 0·001 for both mice), the levels remained lower in the livers from *Tlr2*^*−/−*^ mice than in those from wild-type mice (*P* \< 0·001 compared with infected C57BL/6 mice) ([Fig. 8b](#fig08){ref-type="fig"}). Histological analysis of livers revealed an extensive necrosis with inflammatory foci only in surviving MHV3-infected C57BL/6 mice ([Figs 8c,d](#fig08){ref-type="fig"}), whereas low numbers of inflammatory foci were detected in livers from *Tlr2*^*−/−*^ mice ([Fig. 8e,f](#fig08){ref-type="fig"}). The viral titres found in the livers of MHV3-infected C57BL/6 and *Tlr2*^*−/−*^ mice were, respectively, 10^9·0^ ± 10^0·1^ and 10^7·6^ ± 10^0·8^ viruses/liver. Thus, the levels of IL-6 and TNF-α and the viral load may be related to the extensive necrosis observed in the livers of C57BL/6 mice infected with the pathogenic L2-MHV3.

![Intrahepatic interleukin (IL)-6 (a) and tumour necrosis factor (TNF)-α (b) levels in liver extracts from mock-infected and L2-mouse hepatitis virus 3 (MHV3)-infected C57BL/6 and Toll-like receptor 2-deficient (*Tlr2*^*−/−*^) mice at 96 hr post-infection (p.i.). Four mice were used in each experimental group and infected with 1000 TCID~50~ (tissue culture infective dose 50%) of L2-MHV3 (\*\*\**P* \< 0·001). Histopathological observations of livers from control (c and e) and L2-MHV3-infected (d and f) C57BL/6 (c and d) and *Tlr2*^*−/−*^ (e and f) mice at 96 hr p.i.](imm0128-e181-f8){#fig08}

Discussion
==========

In this study, we have demonstrated that MHV3 protein S used TLR2 and heparan sulphate regions, instead of CEACAM1a, the specific viral receptor, on the cell surface of peritoneal macrophages to promote the secretion of IL-6 and TNF-α. Viral fixation to TLR2/heparan sulphate triggers the activation of the p38 MAPK, ERK-1/2 MAPK, NF-κB and JNK pathways. These results suggest a new mechanism by which surface viral proteins may induce an inflammatory response by their fixation to non-specific cell surface receptors. In addition, our results revealed a new modulating role for CEACAM1a on macrophages in the secretion of TNF-α via the p38 MAPK and NF-κB pathways.

Our results also suggest that TLR2 associated with heparan sulphate can be considered as a new viral PPR as its engagement by viral S protein initiates production of inflammatory cytokines, as already described for TLRs and helicases RIG-1, MDA5 and PKR.[@b5]

We have demonstrated here that the induction of pro-inflammatory cytokines did not result from activation of CEACAM1a, even when CEACAM1a was used as a specific receptor for MHV on target cells in susceptible C57BL/6 mice.[@b16] In fact, *Ceacam1a*^*−/−*^ mice are completely resistant to MHV-A59 infections.[@b18] The irrelevance of CEACAM1a engagement in the production of viral-induced inflammatory cytokine is supported by the comparable secretion of IL-6 and TNF-α by macrophages from both C57BL/6 and *Ceacam1a*^*−/−*^ mice, and by experiments conducted with specific anti-CEACAM1a mAb and SHP-1 inhibitors. Pretreatment of uninfected or MHV3-infected peritoneal macrophages from C57BL/6 mice with the AgB10 mAb did not induce or inhibit the production of IL-6 and TNF-α. Furthermore, addition of an inhibitor to SHP-1, implicated in the CEACAM1a signalling pathway,[@b43] did not impair cytokine production by C57BL/6 macrophages. These results demonstrated that CEACAM1a is not involved in the induction of the production of inflammatory cytokines by MHV3-infected macrophages. However, this conclusion does not totally exclude the possibility that cytokine production may be associated with intracellular pathways related to CEACAM1a, as demonstrated by a slight increase of IL-6 and TNF-α in macrophages from C57BL/6 mice treated with the SHP-1 inhibitor. The production of IL-6 and TNF-α in SJL-derived macrophages also indicates that CEACAM1b is not also involved. However, it has been reported that incubation of dendritic cells with a specific CEACAM1a mAb (AgB10) promotes the release of various chemokines and cytokines, such as macrophage inflammatory protein (MIP)-1α, MIP-2, IL-6 and IL-12, and increases the expression of the costimulatory molecules CD40, CD54, CD80 and CD86 on these cells.[@b42] CEACAM1a pro-inflammatory properties may be differently regulated in different cell types.

We have demonstrated that production of IL-6 and TNF-α depends rather on heparan sulphate, as treatment of peritoneal macrophages from C57BL/6 and *Ceacam1a*^*−/−*^ mice with heparin impaired IL-6 and TNF-α production. This observation suggests that MHV3 may use heparan sulphate or a closely related receptor to induce the production of cytokines by macrophages, rather than the CEACAM1a receptor. In fact, the production of IL-6 and TNF-α by MHV3-infected peritoneal macrophages is induced by viral fixation to a receptor located in regions enriched in heparan sulphate but not by viral replication, as demonstrated by experiments using viruses with denaturated S protein or UV-inactivated viruses. Thus, denaturation of viral S protein by incubation at pH 8·0 and 37° inhibited the production of IL-6 and TNF-α, whereas UV inactivation of MHV3, which does not alter viral fixation to the cell surface but inhibits efficient viral replication (confirmed by MHV3 immunolabelling), did not impair the production of IL-6 and TNF-α in C57BL/6 or *Ceacam1a*^*−/−*^ peritoneal macrophages. Therefore, these results revealed that viral replication is not essential for induction of TNF-α and IL-6 and that the presence of the viral S protein is sufficient to stimulate production of cytokines by macrophages.

It has been previously reported that murine coronavirus showing extended host range used heparan sulphate as an entry receptor. However, the change from a restricted CEACAM1 tropism to an extended host range has been associated with only a few mutations in the S1 subunit, which are generally obtained from *in vitro* persistently infected cells.[@b44] It was also reported that treatment of susceptible cells with heparin inhibits infection with an extended-host range MHV-A59 variant.[@b23] The MHV3 used in this work is not a host-range variant because it was produced *in vivo* in the liver from susceptible mice before two or three *in vitro* passages into L2 cells, indicating that the ability of MHV3 to bind heparan sulphate receptors is a general property of this virus.

We observed that IL-6 and TNF-α production in MHV3-infected C57BL/6 peritoneal macrophages depended on ERK-1/2 MAPK and JNK, whereas p38 MAPK and NF-κB pathways were only involved in IL-6 production. It was reported that the p38 and ERK-1/2 MAPK pathways were activated early in MHV3-infected Swiss-Webster peritoneal macrophages,[@b22] but receptors involved in this activation were not identified. The respective roles of the p38 MAPK, ERK MAPK and JNK pathways in MHV viral replication have not yet been determined. However, the p38 MAPK and JNK pathways, but not the ERK-1/2 pathway, were activated in MHV-A59-infected J774.1 cells. In addition, UV-irradiated MHV-A59 did not activate the MAPKs.[@b47]

Nevertheless, the downstream activation of CEACAM1 seems to involve the ERK-1/2 pathway in particular, whereas expression of the CEACAM1 signalling pathway may be regulated through the NF-κB pathway.[@b21],[@b48],[@b49] However, we have demonstrated that viral fixation to the CEACAM1a receptor is not directly involved in the secretion of IL-6 and TNF-α by MHV3-infected peritoneal macrophages as these cytokines were also induced in cells from *Ceacam1a*^*−/−*^ mice and regulated by the MAPK pathways. However, Scheffrahn *et al.* proposed that CEACAM1a could either inhibit or stimulate the activation of the ERK-1/2 MAPK pathway depending on the history of the cells, i.e. according to the cell type and cell state.[@b50]

Activation of TLRs leads to the secretion of pro-inflammatory cytokines through the activation of NF-κB. Indeed, inhibition of the NF-κB pathway partially inhibits IL-6 and TNF-α production by macrophages isolated from *Ceacam1a*^*−/−*^ mice. Furthermore, the p38 and ERK-1/2 MAPK pathways can be induced by peptidoglycan/TLR2 activation in different cell types such as Kupffer cells and eosinophils.[@b51],[@b52] Nevertheless, no information is available on the regulation of CEACAM-mediated intracellular signalling activation by TLRs. Our results suggest that CEACAM1a may regulate the secretion of TNF-α via the p38 MAPK and NF-κB pathways.

The results obtained with MHV3-infected *Tlr2*^*−/−*^ mice suggest that TLR2 molecules are crucial in the production of IL-6 and TNF-α and in determining the levels of infectious viruses during the induction of histopathological disorders. These results also suggest that viruses that possess glycoproteins and an envelope, such as coronaviruses, may induce a strong inflammatory response directly by their fixation to TLRs and membranes enriched in heparan sulphate via the S protein or by their release of free S proteins, without viral replication. The PPR role of the TLRs and the heparan sulphate receptor in the presence of infectious viruses demonstrated a new viral mechanism for amplification of the inflammatory response, thus explaining the severity of diseases induced by human or mouse coronaviruses. Cytokine regulation in coronavirus infections has been poorly explored. Our results indicate that MHV3 is a powerful model for such studies. We have demonstrated that the murine coronavirus MHV3 can stimulate the production of IL-6 and TNF-α by activating TLR2/heparan sulphate regions at the cell surface of macrophages. In addition, these results suggest an interesting mechanism by which a virus and its viral surface proteins may regulate the immune response in addition to viral replication in macrophages.

In contrast, the surface TLR4 and intracellular TLR9 are induced during a SARS-coronavirus infection and correlate with the production of IL-6 and IFN-γ.[@b53] Preliminary results have shown a slight impairment of IL-6 and TNF-α production when *Ceacam1a*^*−/−*^ resident peritoneal macrophages infected with MHV3 were treated with a functional grade TLR4 mAb (eBioscience) (data not shown). It was recently demonstrated that MHV-A59 and SARS-CoV produce IFN-α via the activation of intracellular TLR7 in plasmacytoid dendritic cells, thus controlling viral infection.[@b54] However, MHV-A59 and MHV-JHM were not able to induce interferon (IFN)-β via the activation of intracellular TLR3, indicating that the double-stranded viral RNA is not accessible to cellular PPRs.[@b55]

However, the interaction between CEACAM1a and other TLR molecules needs to be further investigated. The identification of these new PPRs should allow coronavirus infections such as SARS to be more effectively controlled or, in some cases, exploited. In other viral infections, it was reported that the interaction between HSV-1 and TLR2 contributed to lethal encephalitis, whereas human cytomegalovirus promotes the secretion of pro-inflammatory cytokines through its fixation to TLR2 and CD14.[@b27],[@b28] Thus, TLRs seemed to be primordial during viral infections in the establishment of innate immunity, but a stronger inflammatory response can also aggravate the disease without an increase in viral replication.

Further work is in progress to elucidate the different roles of CEACAM, TLRs, heparan sulphate and viral constituents in the production of inflammatory and immunosuppressive cytokines by hepatic cells infected with attenuated MHV3 variants.
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